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Abstract. The superconducting transition temperature Tc has earlier been 
correlated with coherence length and effective mass for a series of heavy Fermion 
(HF) materials at atmospheric pressure. Here, a further physical property, the 
dc electrical conductivity (t(Tc), is one focal point, another being the pressure 
dependence of both Tc and u{Tc) for several HF materials. The relaxation time 
t(Tc) is also studied in relation to an Uncertainty Principle limit, involving only 
the thermal energy k-^Tc and Planck's constant. 
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1. Introduction 

In earlier work 012], the superconducting transition temperature of several heavy 
Fermion (HF) materials has been correlated with the effective mass m* (usually 
lOOme, with me the electron mass) and the coherence length ^ by 

kBTe = f{ec), (1) 
where Cc is a characteristic energy defined as ^ 

An approximate form of the relation between k^Tc and ec has been derived with the 
Bethe-Goldstone equation as starting point 2 . One finds 



ep _ 4 2 , ^(^+ 1) xlnx 



.-^ + -t:-^ 1 - tt— ' (3) 

Ec 3 \ 1 + X J 

where 2eFX = \e\ ~ k^Tc is the binding energy of a Cooper pair, and ep is the 
Fermi energy 12]. Equation Q manifestly depends on the quantum number £ of the 
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pair angular momentum, which is usually employed to parametrize the anisotropic 
character of the superconducting order parameter, £ = 0, 1, 2 corresponding to s-, 
p-, and d-wave symmetry, respectively. While this expression correctly reduces to 
the standard one for isotropic s-wave superconductors, in the case £ > it agrees 
qualitatively with the phenomenological dependence of /cb^c on the characteristic 
energy Cc, proposed in Ref. ^ for the HF compounds as well as for the high- Tc 
cuprates. It should be pointed out, however, that Equation ^ is qualitatively 
insensitive to different values of ^ > 0, the effect of a nonzero £ being mainly that 
of having k^Tc saturating to a finite value as Ec ^ oo, instead of diverging, as is the 
case with £ = [2]. 

Since this early work, we have uncovered in the literature further relevant data, 
e.g. on CeCoIns, Celrlns, and CeRh2Si2 (cf. Tableland references therein). Figure^ 
then shows an updated correlation plot of k^Tc versus ec, including the latter three 
new entries appearing at the two ends of the series of data, and with Eq. (j2Jl used as 
fitting function. 

Motivated by the study of Homes et al. 3 on high-Tc materials (plus elemental 
metals Nb and Pb with relatively high Tc values for such superconductors) and of 
Zaanen 0], it is useful in connection with Tabled to define a relaxation time t(Tc) 
through IS] 

s rir,e^T(Tr) , , 

m* 

where oi^Fc) = p^^^Tc) is the dc electrical conductivity at the transition temperature 
Tc, and n„ is the carrier density in the normal state. For several materials, 
experimental data collected in Table ^ for all the physical quantities appearing in 
Eq. I0J exist with the exception of the relaxation time t(Tc). Table^therefore records 
the value of ri^Fc) extracted from Eq. using experimental values for p{Tc), Un and 
m* . For comparison, we have also recorded the 'Uncertainty Principle' (UP) estimate 
Tjj p given by Zaanen i] , following the study of Homes et al. j2| : 

TUP = tAt- (5) 

In most cases, the values of r (Tc) entered in Tableware of the same order of magnitude 
of Tup given by Eq. (|SJ), but no simple correlation exists between 1/t(Tc) and Tc in 
the HF materials. 



2. Pressure dependence of Tc and p{Tc) 

Of the HF materials referred to above, we next note that CeCoIns, which is a 
superconductor at atmospheric pressure (p = 0), has been studied over a pressure 
range out to about 3 GPa Figure |21 plots the variation of the normal state 
resistivity p{Tc), together with the ratio p{Tc)/Tc, as a function of pressure. In 
contrast to the almost monotonic decrease of both these quantities with increasing 
pressure, we have also plotted available experimental data for CeRhlns |7j, which 
however starts superconducting at 1.7 GPa. The structure of both p{Tc) and p{Tc)/Tc 
as a function of pressure is marked, and they correlate. The inset shows p{Tc) versus 
Tc constructed from the set of data for CeCoIns 0. Over a range of Tc from 2.2 to 
2.5 K, the behaviour is rather linear, followed by a more sudden decrease of resistivity 
with increasing Tc. 
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3. Summary and future directions 

Our findings to this point may be summarized as follows. The interlink between Tc 
and the characteristic energy ec in Fig. Q] appears relatively robust, as evidenced by 
the addition of quite recent data. The classification of HF materials is clearly quite 
different from the high- Tc regularity plus Nb and Pb discussed by Homes et al. [3| and 
also by Zaanen j^. However, the Uncertainty Principle relaxation time ryp is found 
to be of the same order of magnitude as that extracted from measured dc conductivity 
data plus effective masses at atmospheric pressure, namely t(Tc). However, no inverse 
correlation between t{Tc) and Tc is found for an admittedly limited number of HF 
materials. In the same context, we have used the superconducting penetration depth 
Ao in Tabled to estimate the superfluid density ps as Aq^. Then, following Homes 
et al. P], if we construct ps/Tca{Tc), then for all but one of the HF materials for 
which data is recorded in Tabled this ratio is at least a factor of 7 greater than for 
high- Tc materials, and with a huge scatter, confirming the above conclusion that HF 
materials are in a quite different category from high- Tc materials plus the elemental 
BCS superconductors Nb and Pb. 

As to future directions, we feel that further work, both on experiment and 
theory, by applying pressure to HF materials, should be illuminating. Thus, we have 
collected in FigureOlsome available experimental data for Tc as a function of pressure. 
The simplest example, and the only one shown which superconducts at p = 0, is 
CeCoIns [HI Eli which has a relatively smooth variation of Tc with pressure, exhibiting 
a single maximum. It is tempting for the future to study whether a link can be 
forged, for p < Pmax, the latter corresponding to the maximum of Tc, with Fig. ^ 
However, whereas Fig. prelates Tc to a single variable, i.e. the characteristic energy 
Cc defined in Eq. it may be that one must add further variables to describe the 
pressure dependence of Tc. For example, the detail of spin fluctuation p irUllTTlIT^ . 
believed presently to be at least partially responsible for Cooper pair formation in 
this class of materials, may need inclusion. However, of course, some account is 
already present through the coherence length ^, in which the size of the Cooper pair is 
manifested. Of course, for the remaining materials in Fig.|21 the pressure dependence 
of Tc is more complex, including the fact that pressure is needed already to induce 
superconductivity. 
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Table 1. Selected physical properties for uranium and cerium based HF 
materials. Where available, multiple entries separated by slashes refer to 
properties along different crystallographic directions. Tpf is the magnetic ordering 
(Neel) temperature, 7 denotes the Sommerfeld specific-heat coefficient, Aq the 
superconducting penetration depth extrapolated at T = 0, and LOpn is the plasma 
frequency in the normal state. The last two columns are the 'Uncertainty 
Principle' relaxation time ryp, Eq. 0, and the relaxation time t(Tc) at T^, 
Eq. W. 
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Table 1. (Continued) 
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Figure 1. Measured superconducting transition temperatures for a variety of 
HF materials plotted against cliaracteristic energy Ec defined in Eq. j5J. Data for 
Tc, m* , J liave been taken from Table Q Dashed line is a phenomenological fit 
based on Eq. 01 H- 
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